Global climate change will make it necessary to transform transportation and mobility away from what we know now towards a sustainable, flexible, and dynamic sector. A severe reduction of fossil-based CO 2 emissions in all energy-consuming sectors will be necessary to keep global warming below 2°C above preindustrial levels. Thus, long-distance transportation will have to increase the share of renewable fuel consumed until alternative powertrains are ready to step in. Additionally, it is predicted that the share of renewables in the power generation sector grows worldwide. Thus, the need to store the excess electricity produced by fluctuating renewable sources is going to grow alike. The "Winddiesel" technology enables the integrative use of excess electricity combined with biomass-based fuel production. Surplus electricity can be converted to H 2 via electrolysis in a first step. The fluctuating H 2 source is combined with biomass-derived CO-rich syngas from gasification of lignocellulosic feedstock. Fischer-Tropsch synthesis converts the syngas to renewable hydrocarbons. This research article summarizes the experiments performed and presents new insights regarding the effects of load changes on the Fischer-Tropsch synthesis. Long-term campaigns were carried out, and performance-indicating parameters such as per-pass CO conversion, product distribution, and productivity were evaluated. The experiments showed that integrating renewable H 2 into a biomass-to-liquid Fischer-Tropsch concept could increase the productivity while product distribution remains almost the same. Furthermore, the economic assessment performed indicates good preconditions towards commercialization of the proposed system.
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The need for decarbonization
At this year's United Nations Framework Convention on Climate Change Conference, a strategy for a functional Paris agreement was negotiated. It is going to be challenging to limit global warming to 1.5 or 2°C above preindustrial levels, as proposed by the Paris Agreement. Today, anthropogenic global warming accounts already for about 1°C, reaching 1.5°C between 2030 and 2050. To reach either of these climate goals, net zero for anthropogenic CO 2 emissions needs to be accomplished in this century [1, 2] . In Germany, the share of renewable energy consumed by transportation settled to 5.2% with stagnating tendencies in 2017. Compared to 2007 rates (7.5%), a decrease was observed in this regard. On the other hand, the renewable share of gross electricity consumed increased at a high pace from 14.3% in 2007 to 36 .2% in 2017 [3] .
Thus, a high potential to reduce fossil CO 2 emissions in transportation is evident. Fischer-Tropsch synthesis (FTS) produces hydrocarbons ranging from CH 4 to hydrocarbons with more than 60 carbon atoms. The products of an integrated FTS biorefinery designed to produce renewable transportation fuel could be premium diesel and kerosene [4, 5] . Feasible upgrading steps and final applications of these renewable fuels derived by FTS were discussed in complementary literature [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
The addition of renewable power production capacities is predicted to increase in the next years [14] . This expansion will correlate with the availability of fluctuating excess electricity. Power-to-gas (PtG) systems are a suitable technology to convert and subsequently store excess electricity [15] . Gahleitner [16] gives an overview on realized PtG facilities. One of the main issues regarding the quick integration of H 2 or CH 4 , produced via PtG technologies, as transportation fuel is the lack of cars powered with these fuels. In Germany, over 45 million registered vehicles are powered by diesel or gasoline, whereas less than one million are powered by alternative power trains, in 2018 [17] . Even though new legislation may benefit the development and distribution of alterative powertrains, a complete shift away from internal combustion engines (ICE) will take time. To reach a rapid reduction of CO 2 emissions in transportation, alternative fuels will be needed to power existing ICEs. The Winddiesel technology provides a solution to this dilemma. Groß et al. [18] presented the concept in 2015. The basic idea of this technology is shown in Fig. 1 . Biomass gasification, using CO 2 and steam as gasification agent, produces CO-rich product gas [19] [20] [21] [22] . CO 2 is removed from the product gas stream. If excess electricity is available, CO 2 is recycled as gasification agent to the gasifier promoting the reverse water-gas shift (RWGS) reaction. CO 2 that is not fed to the gasifier might be utilized using a RWGS unit as proposed by Pastor-Pérez et al. [23] . H 2 , produced by excess electricity, is mixed with the CO-rich product gas from biomass gasification. Subsequently, FTS is applied to convert the cleaned and conditioned syngas to hydrocarbons. If integrated without storage capacities, the fluctuating H 2 implies load changes to FTS. Compared to a conventional biomass-toliquid (BtL) FT concept, the FT capacity is enlarged, an electrolyzer is added to enable the utilization of excess electricity, and CO 2 is recycled. The desired products naphtha, diesel, and wax are fractionated and if required refined. After purification, the product water can be recycled as feed for electrolysis.
Müller et al. [24] validated experimental data using process simulation. This investigation showed that the integration of renewable H 2 produced by excess electricity into FTS fuel production is a suitable possibility to store energy. Further investigation regarding efficiency and economic aspects regarding Winddiesel were proposed. Nikparsa et al. [25] investigated FT syncrude regarding olefin distribution using
This work is a summary and review of experimental and economic data published so far in the course of the Winddiesel project. Additionally, new aspects regarding substance-class distribution of FTS syncrude, effects of load changes on productivity, and economic aspects were added and discussed.
Why Fischer-Tropsch synthesis?
First insights on the hydrogenation of CO were reported by Sabatier et al. [26] in 1902. Subsequently, Fischer and Tropsch [27] described the production of synthetic oil from CO and H 2 . Later research and the commercialization are summarized by Steynberg [28] . FTS produces a mixture of hydrocarbons (syncrude) with different chain lengths. The catalytic conversion of H 2 and CO to hydrocarbons is described as stepwise reaction. CH 2 intermediates (Eq. 1) are formed from H 2 and CO. The chain growth and the production of paraffins (Eq. 2), olefins (Eq. 3), and oxygen-containing components by FTS are summarized by Schulz [29] . Further summaries regarding FT reactions were published by other authors [30, 31] .
The Anderson-Schulz-Flory (ASF) distribution describes the distribution of FT products. De Klerk [31] described the ASF distribution and summarized deviations from it. The mass fraction W n of hydrocarbons with n carbon atoms can be determined experimentally by gas chromatography. Subsequently, the chain growth parameter α can be determined from the straight-line proportion of the ASF plot using Eq. 4 [32] .
Anderson [30] gives an overview on suitable catalysts for FTS. Industrial case studies were summarized by Yong-Wang and de Klerk [33] . Possible products from FTS are gasoline, diesel, jet fuel, paraffinic waxes, lubricants, petrochemical base products, and so on [34] .
FTS has the capability to convert biomass-based syngas and renewable H 2 from excess electricity to hydrocarbons with different chain lengths. The product flexibility might be one of the biggest benefits of FTS. If the production of renewable fuels becomes unprofitable, FT products have other highvalue applications such a 1-olefins [35] (naphtha), white oil blend [36] (diesel), and solid synthetic paraffin [37] (wax). Subsequently, this work summarizes the effects of a varying load on FT performance [24, 38, 39] and presents new insights.
The controversial topic of biomass-based fuels was discussed in literature [40] [41] [42] [43] [44] [45] . Different pathways to produce renewable fuels in agreement with current and future legislative and ethic aspects were analyzed. The European Union is currently promoting the production of second-generation biofuels produced from organic residues and waste while at the same time introducing the phasing out of first-generation biofuels [46, 47] . Alternative substitutions for the farmed wood feedstock, which were used in this investigation, are discussed in the conclusion section.
Experimental
Seven long-term experimental campaigns were performed at Güssing's biomass conversion research facility. This section gives an overview on materials and methods used to perform and evaluate the experiments.
Production of biomass-derived syngas
The product gas to perform the experiments was provided from the Güssing 8 MW th biomass steam gasification plant using wood chips as feedstock. At the commercial plant, contaminants like particles, benzene, toluene, xylene (BTX), and tars are reduced to levels suitable for gas engine application. Nevertheless, this gas cleaning is not sufficient for FT synthesis and further cleaning steps were integrated in the FT unit. Typical ranges of the main components of the DFB gasifier's product gas are shown in Table 1 [48] [49] [50] .
Fischer-Tropsch laboratory unit
The laboratory FT unit used to perform the experiments has been continuously improved, integrating know-how of over 10,000 operating hours. Several works [24, 32, 38, [51] [52] [53] described the extensive research performed, operating the laboratory FTS unit. The basic flow sheet of the FT unit is shown in Fig. 2 . The three main plant sections are as follows.
The gas cleaning and conditioning unit removes tars, BTX, chlorine, and sulfur contaminants from the product gas. Sulfur components are reduced to levels below 10 ppb. This is essential to protect the cobalt catalyst, used for FT synthesis, from poisoning. Rauch et al. [54] summarized acceptable levels regarding impurities like sulfur components and alkali metals if cobalt catalysts are used.
The 20-l slurry bubble column reactor (SBCR) converts H 2 and CO to hydrocarbons with chain lengths ranging from C 1 to > C 60 . The clean syngas enters the three-phase slurry reactor at the bottom. Products and non-converted gaseous components exit the reactor at the top.
The three-step high-pressure product condensation separates liquid FT products and FT water from gaseous components.
The laboratory FT plant is fully automatized. The H 2 /CO ratio is monitored, and adjusted if additional H 2 is needed for ideal stoichiometric FTS conditions.
Analysis methods
The inlet and outlet gas composition of the SBCR was measured continuously by gas chromatography (GC). Gaseous hydrocarbons were determined using a flame ionization detector (FID) and other components with a thermal conductivity detector (TCD). GC was also used to analyze liquid and solid FT products. In-house methods were applied to determine the hydrocarbon distribution. The GC was equipped with a FID and SimDist column. Sauciuc et al. [51] described the analysis method in more detail.
Furthermore, a substance class analysis was carried out. For low-molecular FT syncrude (C 6 -C 20 ), the content of nparaffins, 1-olefins, and other hydrocarbons (other HC) was determined. The substance class of other HC summarizes iparaffins, oxygenates, and other substance classes. For highermolecular hydrocarbons, it was distinguished between nparaffins and other HC.
The per-pass CO-conversion (X CO,reactor ) is defined by Equation 5 [24] . X CO,reactor is defined by the quotient of moles of CO consumed by FTS (n CO, in − n CO, out ) and moles entering the SBCR (n CO, in ).
Note that Gruber et al. [38] defined X CO,reactor different to Eq. 5. Additionally, the system productivity regarding condensable FT syncrude (ṁ C5þ ) was evaluated (Eq. 6). ṁ C5þ is derived by dividing the sum of naphtha (ṁ naphtha ), diesel (ṁ diesel ), and wax (ṁ wax ) mass flow by a mass catalyst (mcatalyst ) applied to the system.
Furthermore, the n-paraffin to 1-olefin (P/O) ratio (Eq. 7) was determined by the quotient of mass n-paraffin to mass 1-olefin produced per experiment.
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Result summary
The integration and subsequent storing of renewable H 2 were investigated by applying load changes to the FT system. Figure 3 shows the volume flow applied to the SBCR simulating low capacity, benchmark operation, peak capacity, and load changes. The SBCR was designed to process 3.5 to 7.5 Nm 3 /h, having a performance optimum at 5 Nm 3 /h. Experiments performed at low feed rate (3.5 Nm /h. Thus, this experimental work evaluated the effects of low capacity, high capacity, and load change operation on the SBCR. Compared to the 5-Nm 3 /h benchmark operation, the low-capacity and highcapacity experiments represent a load of 70% and 150%, respectively. Table 2 summarizes published experimental results. In total, three campaigns (experiments 2 to 4) were carried out to investigate the influence of fluctuating renewable H 2 to FTS. Each campaign consists of a long-term base load and a load change experiment. Müller et al. [24] published five experimental data sets that were validated using process simulation. Gruber et al. [38] published additional experimental data. All test runs were performed with 2.5 kg of commercial-grade Co/ Al 2 O 3 catalysts from different suppliers.
Experiments 2 and 3 showed a constant α-value comparing load change and base load operation. The α-value obtained from experiment 4 shows a slight decrease from 0.88 to 0.87 if load changes were performed. These results indicate that direct supply of renewable H 2 in to the FTS biorefinery might be realized without severe changes to the product distribution.
Compared to their associated base load experiments, 2B showed a decrease of 15%, and 3B a decrease of 17% regarding X CO,reactor if load changes were performed. Experiment 4B showed stable X CO,reactor compared to 4A. Due to the decreasing α-value experiment, 4B showed stagnating ṁ C5þ production despite similar CO conversion and increased load compared to 4A. Thus, a higher share of gaseous FT products was produced in 4B. Furthermore, Müller et al. [24] showed that load changes introduce only marginal temperature deviations to the SBCR.
As part of experiment 4B, Gruber et al. [38] investigated the influence of low and high availability of renewable H 2 by applying low and high SV to the SBCR. Table 3 shows the operation conditions applied to perform the low and high SV experiments in the course of experiment 4B. The 72 h startup phase of the plant, performed at the beginning of each experiment to reach a steady X CO,reactor , was not included in this analysis. At high SV, the SBCR feed was increased by 50% to 7.5 Nm Figure 4 shows the experimental results of high and low SV, compared to the associated base and load change experiments. Compared to base load and load change experiments, a slightly higher α-value of 0.89 was achieved by applying high SV. This indicates a higher selectivity towards condensable hydrocarbons. Additionally, ṁ C5þ was enhanced by 30% if SV was increased. The trade-off by increasing the SV was the decline of X CO,reactor to 43%.
The low SV experiment showed an α-value of 0.88, which is slightly lower than at high SV and similar to the chain growth probability at base load settings. By decreasing the SV, the X CO,reactor was enhanced to 57%, which is an augmentation of 10% compared to 52% at base load settings. However, ṁ C5þ was decreased to 0.07 g/h•g catalyst . Another important factor to evaluate the effects of syngas load changes to the slurry-based FTS reactor is the product analysis regarding substances produced. The main substance classes found were n-paraffins, 1-olefins, and other hydrocarbons (HC). The substance class of other HC includes mainly i-paraffins and oxygenates. The liquid FTS fraction C 6 -C 20 was analyzed due to its n-paraffin, 1-olefin, and other HC content. The solid FTS product C 21+ was analyzed regarding n-paraffin and other HC content. Within the solid fraction, the substance class of other HC also includes 1-olefins. Figure 5 shows the cumulative substance class distribution of the FTS liquids and solids obtained after 200 operating hours at load change conditions in experiment 4B. Figure 6 shows the results of the substance class analysis of liquid and solid FT products produced during experiment 4B. Hydrocarbons with a chain length of C 6 to C 20 were considered as liquid FT syncrude fraction. C 21+ hydrocarbons are defined as solid FT fraction.
By applying load changes to the slurry-based FT system, the n-paraffin content rises from 75.3 to 77.7 wt.% in the liquid product and from 81.2 to 82.2 wt.% in the solid product, compared to base load operation. The base load experiment showed the lowest and load change experiment and the highest n-paraffin content for both liquid and solid products. The liquid fraction had an O/P ratio of 9.69 at load change settings and 7.14 at base load operation. By applying low SV, the liquid and solid FT product had an n-paraffin content of 77.0 wt.% and 81.7 wt.%, respectively. A P/O ratio of 11.99 was obtained for the liquid FTS fraction at low syngas application. At high SV, a n-paraffin content of 75.9 wt.% was obtained for liquid FT products and 81.3 wt.% for C 21+ hydrocarbons. The analysis of the liquid FT fraction produced at high SV showed a P/O ratio of 6.67.
Economic assessment
This chapter summarizes and discusses the economic assessment performed by Zweiler et al. [39] . A sensitivity analysis was performed to evaluate the effects on the economic performance, if key parameters were varied. Based on experimental results and simulations carried out within this project, a flexible economic model was acquired. The aim of this economic Base load [24] Load change [24] Base load [24] Load change [24] Base load [38] Load change [38] 
Data basis
The economic assessment includes operating and investment cost of essential plant units. The evaluated process chain includes the lignocellulosic biomass gasification plant, the H 2 production via electrolysis, the FT unit, and a steam cycle to convert excess heat to electricity. EC Engineering simulated mass and energy balances used in this assessment. Costs for insurance, wearing parts, maintenance, commodities, credit payback, and operating personnel were summarized as yearly operational costs. To process additional renewable H 2 , the FT unit is designed to have a capacity of 170% compared to base load settings. Table 4 shows the assumed FT product distribution and the assumed marked price for the naphtha, diesel, and wax fraction. As can be seen from the table, waxes (C 21+ ) are assumed to be the most valuable product. The operating conditions of the FT plant are assumed to be optimized for high wax production [39] . Performance-indicating parameters used in this assessment are summarized in Table 5 . Two cases, a 50 MW th (case A) and a 200 MW th (case B) fuel input, were investigated. Case A represents a medium-scale biorefinery, producing about 20,000 t of condensable hydrocarbons (naphtha, diesel, and wax) per year. Case B, representing a reasonable upscale to case A, would produce about 88,000 t of condensable hydrocarbons per year. In both cases, a suitable location provides a secure supply of biomass feedstock and excess renewable electricity. Additionally, a suitable setup regarding product monetarization should be located at a close range to minimize -value XCO,reactor transportation. Strategic factors for biomass conversion sites of similar size compared to the proposed system, such as economics, plant location, and biomass availability, were discussed in further studies [41, [56] [57] [58] [59] [60] . The assumption of the costs for excess electricity was based on prices listed at electricity exchanges. Because of the high degree of novelty and the remarkable potential to save CO 2 emissions, an investment subsidy rate of 50% is considered realistic for the first demonstration plant. Furthermore, external financing for investment cost is assumed. Sellable excess electricity, FT products, and oxygen from electrolysis are considered as income [39] . The economic performance was assessed by calculating the ROI (Eq. 8). The yearly profit was calculated by subtracting the operational costs from the income.
ROI ¼ yearly profit investment−funding ð8Þ
Considering the commercialization of the integrative energy-storing and fuel production concept, it needs to be more profitable than a standalone BtL plant including biomass gasification and FTS. For this reason, the ROI of such a standalone BtL plant was calculated with 8.9%. Subsequently, the breakeven point regarding the integration of excess electricity was evaluated. The breakeven point describes the minimal full-load operating hours necessary, to obtain a ROI equal to the standalone BtL concept. The minimal electrolysis operating hours to gain a ROI of 8.9% at energy storing modus are listed in Table 5 . The full-load operating hours of the electrolysis unit were kept constant for each sensitivity analysis performed in this economic assessment.
Parameter variation
To gain insights on how key parameters affect the economic performance of the proposed system, a parameter variation was performed. Table 6 shows the parameters that were considered in this sensitivity analysis. Wood chips with a price of 20 EUR/ MWh were assumed as standard fuel input in this assessment. If organic residuals or waste could be utilized to fuel the integrative biorefinery, a much lower fuel price could be assumed. Thus, the fuel price was varied from 0 to 40 EUR/MWh. Feedstock with a price < 15 EUR/MWh is considered as low-cost feedstock. A price of 40 EUR/MWh was considered for premium fuels. The uncertainty regarding the price for excess electricity was covered by varying it from − 50 to + 50 EUR/MWh. The funding rate was varied from 0 to 70%.
The results achieved by varying the fuel price are shown in Fig. 7 (top-left) . Case A showed that, if the fuel price rises to 30 EUR/MWh, a ROI > 6% could be obtained. Case B showed that, despite that premium fuels are applied, a ROI Fig. 7 (top-right) . Case A showed that, if the price for surplus electricity rises to 50 EUR/MWh, a ROI of 6.9% could be achieved. Moreover, Case B calculated a ROI of 14.1% if costs for surplus electricity rise to 50 EUR/MWh. To cover uncertainties regarding the funding rate, a parameter variation from 0 to 70% investment subsidies was carried out. The results of this variation are shown in Fig. 7 (bottom-left) . Case A showed a ROI of 4.4% and case B a ROI of 8.7%, if no investment subsidies will be granted.
Conclusion
Within this project, the effects of the fluctuating syngas flow on the FTS performance were investigated. Three long-term campaigns were performed comparing different load regimes applied to the SBCR regarding per-pass CO conversion, productivity, and product distribution. A direct utilization of excess electricity would imply higher and fluctuating loads to the FTS compared to conventional BtL operation. The high SV experiments showed that an increased load of 50% in fact decreases the CO conversion by 17% but on the contrary increases the productivity by 30%. Considering experiment 2, the analysis of the chain growth probability factor α showed similar results in all performed operation modes. A per-pass CO conversion of up to 57% was reported at low SV settings. The substance class analysis showed that the solid FT products have a higher n-paraffin share compared to liquid FT products. In the solid FT fraction, a n-paraffin of up to 82.2 wt.% was determined, whereas in the liquid fraction the maximal reported n-paraffin was 77.7 wt.%. The P/O ratio of the liquid FT product was determined between 6.67 and 11.99. By comparing the performance of the applied commercial-grade cobalt-based FT catalysts, it became obvious that catalyst choice will be a major factor towards a stable and economic plant operation. This experimental work indicates that the utilization of excess electricity via electrolysis, CO 2 gasification, and FTS could increase the productivity compared to conventional BtL operation and at the same time maintain the product distribution in the same range.
The improvement of fuel flexibility will be one of the main economic challenges for industrial gasification plants in the future. Lignocellulosic residues, sewage sludge, or plastic residues might be easily obtainable, low-cost feedstock alternatives. Germany, for example, produced about 1.7 million tons of sewage sludge (dry substance) in 2017 [61] . Additional 27.1 million tons of plastic waste was generated in Europe in 2016 [62] . However, the challenges of the utilization of plastic were reviewed by Lopez et al. [63] . Increasing costs for waste management and waste disposal, if not prohibited by law, might be a benefactor that promotes the utilization of these materials via gasification [64] . The applicability of gases produced by sewage sludge or plastic gasification [64] [65] [66] for FTS needs to be evaluated in further research work. A suitable location providing secure access to low-cost gasification feedstock and nearby product consumers might be municipal waste management facilities. It seems realistic that investment funding will be granted to a demonstration plant. However, follow-up plants are not expected to be subsidized. Thus, the 0% investment funding case should be considered regarding further investments.
The experimental work and the economic assessment indicate that the utilization of excess electricity improves the productivity of the proposed biorefinery, compared to conventional BtL FT setups. Further experimental work should evaluate the benefit of adding a gas loop and a steam reformer to the FT unit. Additionally, the feasibility to implement a RWGS unit to utilize surplus CO 2 should be investigated.
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